We aimed to investigate whether quantitative plaque features measured from coronary CT angiography (CCTA) predict ischemia by myocardial perfusion SPECT imaging (MPI). 
Introduction
Coronary CT angiography (CCTA) can provide accurate information about anatomic extent of coronary artery disease (CAD) with consistently demonstrated high negative predictive value. 1 Nevertheless, coronary plaque findings in CCTA, particularly in vessels with nonsevere stenosis usually have a less clear clinical significance. Whether a coronary lesion with non-severe stenosis identified in CCTA is haemodynamically significant, is a commonly asked question in everyday clinical practice and the functional myocardial perfusion evaluation is frequently required in this scenario.
Single photon emission computed tomography (SPECT) myocardial perfusion imaging (MPI) is widely used for the detection and quantification of myocardial ischemia and has been shown to
be a strong prognostic indicator of the risk for adverse cardiac events. 2, 3 Prior studies have shown that quantitative assessment of plaque characteristics could increase the performance and specificity of CCTA in detection of ischemia. 4 Since CCTA provides information about a variety of plaque features in addition to stenosis, we aimed to investigate whether automated quantitative plaque features measured from CCTA predict ischemia by MPI, for varying stenosis severity.
Methods

Study population
Consecutive patients undergoing hybrid CCTA and stress/rest MPI scans on a Cadmium Zinc Telluride (CZT) camera for assessment of known or suspected CAD between 06/2010 and 02/2013 were included. Exclusion criteria were history of coronary artery bypass graft surgery, stent placement or myocardial infarction, coronary artery calcium (CAC) ! 1000 Agatston Units (AU) and multi-vessel disease as judged by visual assessment (stenosis ! 70% in more than one coronary artery). The study was approved by the Institutional Review Board.
CCTA
CCTA image acquisition was performed on a 64-slice CT system (GE Lightspeed VCT or Discovery HD 750, GE Healthcare, Milwaukee, WI) as previously published. 5 Patients underwent an unenhanced prospectively ECG-triggered low-dose sequential CT scan of the heart for CAC scoring and a contrast-enhanced prospective ECG-triggered CT scan during inspiration breath hold as previously reported. 5 Metoprolol was administrated intravenously before the examination if heart rate was higher than 65 beat/min and 2.5 mg of isosorbide dinitrate was administrated sublingually to obtain optimal image quality. Iodixanol (Visipaque 320; 320 mg/mL; GE Healthcare, Buckinghamshire, UK) was injected into an antecubital vein followed by 50 mL of saline solution via an 18-gauge catheter. Contrast media volume (40-105 mL) and flow rate (3.5-5mL/s) were adapted to body surface area. 6 
CCTA quantitative analysis
For each abnormal coronary segment, the following features were quantified using semi-automated Autoplaque software (Cedars-Sinai Medical Center, Los Angeles, CA). This software allows quantitative 3D assessments of plaque characteristics from CCTA (including plaque volume burden, distribution, and composition) and coronary artery remodeling. 7 Coronary segments for analysis are defined by the user by setting proximal and distal points for quantification of plaque characteristics. The absolute volumes for total plaque, non-calcified plaque (NCP), and calcified plaque were computed using scan-specific thresholds. 7, 8 Low-density NCP (LDNCP) was defined as NCP below a preset low-density threshold (30 HU). 9 The plaque burden, defined as the plaque volume normalized to the vessel volume in the plaque region (plaque volume Â 100%/ vessel volume), for each of these plaque components was calculated. Maximum diameter stenosis was calculated by dividing the narrowest lumen diameter by the mean of two normal non-diseased reference points. Remodelling index was determined as the ratio of maximum vessel area to that at the proximal normal reference point. 10 Lesion length (in mm) was the length of the diseased vessel as computed in Autoplaq. Contrast density difference over the lesion, was computed as follows: the luminal contrast density (defined as attenuation per unit area), similar to 'area gradient', 11 was automatically computed over 1 mm cross-sections of the arterial segment, thus it is normalized to the vessel area. The contrast density difference was defined as the maximum percent difference in contrast densities, with respect to the proximal reference crosssection (with no disease). The derivation of quantitative plaque features is shown in Figure 1 . To quantify each lesion, CCTA images were examined by an experienced reader, blinded to SPECT findings. Subsequent plaque quantification was automated. Volumes of each segment were then summed to obtain total per-vessel plaque volumes. For each artery, maximum diameter stenosis, remodelling index, and contrast density and calcified plaque (yellow overlay). Plaque burden for these components is then calculated, defined as the plaque volume normalized to the vessel volume (green overlay). Panel B illustrates contrast density difference measure, defined as the maximum percent difference in luminal contrast density (small circle) within the lesion (segment between yellow arrows) with respect to the proximal reference cross-section (large circle). Normal thresholds for quantitative CCTA plaque features
Normal thresholds were determined from a separate derivation group. From the vessels corresponding to non-ischemic territories, a subset of 40% of the non-ischemic vessels were removed and used as the derivation group. These vessels were used only to obtain normal thresholds for plaque features defined as >95th percentile and were excluded from further analysis exploring the relationship of plaque features and ischemia ( Figure 2 ).
12
MPI
For all patients, MPI was performed after CCTA on the same day. The protocol consisted in a 1-day stress/rest MPI with either: (i) standard adenosine infusion (0.14 mg/kg/min over 6 min), (ii) dobutamine infusion (incrementally administered, starting at 5 lg/kg per min and increasing at 1-min intervals to a maximal dose of 60 lg/kg per min until 85% of the agepredicted heart rate had been achieved), or (iii) bicycle stress. Out of 184 patients, 146 underwent adenosine stress, 13 underwent dobutamine tests, and 25 underwent treadmill tests. For the treadmill tests, 20 patients reached 85% of age-predicted rate, and remaining 5 reached !80% of age predicted rate. Approximately 60 min after injection of 99mTc-tetrofosmin, stress images were acquired over 5 min on the MPI system with a multi-pinhole collimator and 19 stationary CZT detectors. 13 Rest scans were obtained with the identical protocol several minutes after administration of a three times higher dose of 99mTc-tetrofosmin. 14 A lowdose 64-slice CT scan with prospective triggering was performed for attenuation correction (AC) MPI. 15 CZT images were reconstructed by an iterative algorithm.
MPI quantitative analysis
The transaxial images were first segmented by QPS/QGS (Cedars QGS/ QPS; Cedars-Sinai Medical Center). All image contours were reviewed by an experienced technologist. QPS software computed total perfusion deficit (TPD) independently for stress and rest scan in each vessel territory. Ischemic TPD (ITPD) was defined as the difference between stress and rest TPD for each vessel territory. The presence of regional ischemia was defined as ! 2% regional ITPD. 16 
Statistical analysis
All analysis to assess the relationship between quantitative plaque features by CCTA and ischemia by SPECT was performed per vessel, using specific vessel quantitative plaque features and corresponding regional ITPD. We also performed a sub-analysis to assess the relationship of quantitative plaque features and ischemia in different categories of stenosis grade: (i) diameter stenosis ! 50%, (ii) diameter stenosis 30-69%, (iii) diameter stenosis ! 70%, 17 as well as gender-specific analysis to investigate potential gender differences in plaque characteristics associated with ischemia. Data were tested for normal distribution by the Shapiro-Wilk test and presented as mean 6 standard deviation (SD). Continuous variables were examined using Student's t-test. Categorical variables were expressed as percentages and examined using Chi-square or Fisher's exact test as appropriate. Logistic regression analysis was used to examine the relation between plaque features and ischemia by MPI. To examine the added improvement in predicting ischemia due to quantitative plaque features over stenosis alone, we utilized integrated discrimination improvement (IDI) analysis, 18 and receiver operating characteristics (ROC)
analysis. Statistical analysis was performed using STATA version 11, and Analyse-it software. IDI analyses were performed using SAS 9.2. All tests of significance were two-sided; a probability of <0.05 was considered significant.
Results
Patient characteristics
Clinical patient characteristics are listed in Table 1 . Hundred and eighty-four subjects (116, 63% males) were included. Among them, 27 subjects (15%) underwent an invasive coronary angiogram after CCTA and MPI and 18 subjects underwent coronary revascularization. All coronary segments in 544 vessels were evaluable except for the 8 vessels excluded due to severe motion artifacts. Ischemia was found in territories corresponding to 71 vessels (13% of the 544 vessels), belonging to 71 patients (since patients with only single vessel disease were included). Thresholds associated in the non-ischemic derivation cohort (188 vessels) were calculated for diameter stenosis, remodelling index, lesion length, and contrast density difference ( Table 2) . A separate analysis group of 356 vessels (71 ischemic, 285 non-ischemic) was subsequently analysed. There were no significant differences in age, risk factors, and clinical presentation between the vessels used as derivation cohort and the vessels corresponding to non-ischemic territories included in the analysis cohort.
Quantitative plaque features in vessels corresponding to ischemia
All quantitative CCTA plaque measures were higher in the arteries corresponding to the ischemic regions than in the arteries without corresponding ischemia (Table 3) . Consistently, the prevalence of abnormal total plaque burden, NCP burden, LDNCP burden and contrast density difference was higher in the arteries corresponding to the ischemic territories ( Figure 3) . The prevalence of abnormal calcified plaque burden was not higher in the ischemic territories (6% vs. 11%, P ¼ 0.12). The plaque features that showed higher prevalence in vessels corresponding to ischemia were examined with multi-variable analysis, adjusted by age and gender. Abnormal NCP burden, LDNCP burden, and contrast density difference were associated with the presence of ischemia. Stenosis ! 50%, abnormal remodelling index, and abnormal lesion length were not significant. Since NCP burden and LDNCP burden are highly correlated measures, only LDNCP burden and contrast density drop were included in the logistic regression model. Odds ratios of quantitative plaque features associated with the presence of ischemia by SPECT, adjusted by age and gender in all vessels and in different stenosis categories, are presented in Table 4 .
Plaque features associated with ischemia in different stenosis categories
In the vessels with stenosis ! 50% (86 vessels), abnormal LDNCP burden and contrast density difference were more prevalent in the territories corresponding to ischemia, and both features were associated with ischemia in multi-variable analysis adjusted by stenosis, age, and gender. In the vessels with stenosis 30-69% (112 vessels), LDNCP burden was associated with ischemia in multi-variable analysis adjusted by stenosis, age, and gender. In the vessels with stenosis ! 70% (40 vessels), abnormal contrast density difference was associated with ischemia in multi-variable analysis adjusted by stenosis, age, and gender.
The prevalence of abnormal quantitative plaque features in arteries associated with ischemic and non-ischemic territories subsets for different stenosis categories are shown in Figure 3 . Multi-variable analysis is shown in Table 4 .
Plaque features associated with ischemia in men and women
The prevalence of abnormal quantitative plaque features in arteries associated with ischemic and non-ischemic territories in men and women are shown in Figure 4 . In multi-variable analysis adjusted by age, gender, and stenosis ! 50%, abnormal LDNCP burden was associated with ischemia in men. In women, abnormal contrast density difference was associated with ischemia; however abnormal LDNCP burden did not reach significance (P ¼ 0.06) ( Table 5 ). An example of a case with abnormal plaque features and corresponding ischemia is shown in Figure 5 .
Quantitative plaque features and identification of ischemia
By IDI analyses, the addition of these quantitative plaque features significantly improved discrimination of ischemia in all vessels, as well as in vessels with stenosis ! 50% and 30-69%. In men, the discrimination was also significantly improved, whereas in women, improvement showed a trend for significance ( Table 6) . For all vessels, the ROC area under the curve for identifying ischemia for quantitative plaque features (low-density NCP burden and contrast density difference, when adjusted for age and gender, as standard) was 0.76 (95% CI: 0.66-0.87), significantly higher than that for maximal stenosis grade [0.60 (95% CI: 0.46-0.73)], P ¼ 0.03.
Discussion
This study of the relationship between quantitative plaque features and the presence of ischemia identified by quantitative analysis of MPI resulted in several noteworthy findings. First, we derived the 95th percentile normal thresholds for the quantitative plaque features obtained from CCTA by automated software in arteries without corresponding ischemia. Second, we established that LDNCP burden and contrast density difference are associated with the presence of ischemia, independent of stenosis. Third, we found that the addition of these quantitative CCTA plaque features significantly improved the determination of ischemia. In a sub-analysis, we also found that LDNCP burden is the most relevant plaque feature associated with ischemia in vessels with stenosis 30-69%, while contrast density difference is the most relevant plaque feature associated with ischemia in vessels with stenosis ! 70%.
Certain aspects of the present work should be highlighted. The population in this study consisted of consecutive patients undergoing both CCTA and MPI on the same day; results from both tests are independently assessed. Our cohort is a low-risk group resembling a real-world population and referring criteria, unlike populations studied in previous reports evaluating associations of coronary OR, odds ratio; CI, confidence interval; LDNCP, low-density non-calcified plaque; bold font signifies P < 0. 05. plaques with ischemia, particularly when the defined outcome was the invasive testing. To our knowledge, this is the largest study on the association of characterized, quantitative plaque measures by CCTA with quantitative measures of ischemia by MPI. Importantly, this is the first study establishing normal thresholds for quantitative plaque measures by CCTA, above which there is a potential risk for ischemia. The mismatch between CCTA findings and the presence of ischemia is well-known. Schuijf et al. 19 reported that among patients with stenosis ! 50% by CCTA, only 50% had ischemia by SPECT and 15% of the patients with no stenosis ! 50% had perfusion abnormalities.
This mismatch occurs also when MPI is compared with invasive coronary angiography. The FAME study 20 reported that 65% of lesions considered to be of 50-69% stenosis were not ischemic by invasive fractional flow reserve (FFR), which is currently accepted as the invasive standard for assessment of lesion-specific ischemia. Prior studies have shown plaque characteristics assessed from CCTA can increase the value of CCTA to predict lesion-specific ischemia. 21, 22 Shmilovich et al. 23 examined the relationship of adverse plaque features defined visually (low attenuation plaque, positive remodelling, spotty calcifications) with MPI ischemia in 49 patients and found that plaques with both low attenuation and positive remodelling were likely to be associated with ischemia. Diaz-Zamudio et al. 24 examined the relationship between quantitative plaque characteristics, and lesion-specific haemodynamic significance by invasive FFR in 56 patients. Automatic quantification of total, NCP, and LDNCP burden substantially improved determination of ischemia. In a large multi-centre study of 254 patients undergoing CCTA before invasive FFR, LDNCP volume also significantly predicted ischemic lesions by FFR. 22 Compared to FFR, MPI results provide less direct estimate of ischemia and may also include ischemia on the microvascular level. However, due to its non-invasive nature MPI allows us to evaluate a low-to-intermediate risk group of patients, as opposed to other invasive methods to assess ischemia, such as FFR. Our findings are in accordance to these previous results and build on the concept that LDNCP component adds in the discrimination of ischemia. Plaques with lipid-rich necrotic cores are known as one of the main causes of myocardial infarction and sudden cardiac death. 25 Our finding that LDNCP (a surrogate for the necrotic core in CCTA) is significantly associated with myocardial ischemia suggests that lipid-rich plaques and their subsequent rupture may be the mechanistic link behind poorer clinical outcomes in patients with ischemia; however, this needs to be confirmed with follow-up studies.
Our study further presents insight about how different quantitative plaque features measured from CCTA alone such as LDNCP and a novel marker-contrast density difference-can be used. The finding that LDNCP provides incremental discrimination of ischemia beyond stenosis severity is in accordance with previous studies. 21, 22 In stenosis ! 70%, as seen in our sub-analysis, a most severe luminal narrowing might overcome the relevance of plaque composition and an indirect measure of haemodynamic significance, such as the contrast density difference, 26 could be the most important feature to aid in ischemia detection. Interestingly, in multivariable analysis, we found that the contrast density difference was the most relevant quantitative plaque measure associated with ischemia in women, over LDNCP burden, which did not reach statistical significance. While gender-specific analysis of quantitative plaque features in relation to ischemia has not been previously reported, the prospective, multi-centre PROSPECT study performed quantitative coronary angiography and intravascular ultrasound in 697 patients (24% were women) with acute coronary syndromes, 27 and found that women were characterized by significantly fewer plaque ruptures, and less necrotic core volume. The authors concluded that other high-risk plaque characteristics such as smaller minimal lumen area and smaller total fibrous volume, may explain the similar cardiovascular event rates to men. Contrast density difference, by definition, is the difference in lumen attenuation per unit area over a segment, and is closely related to both minimum luminal area and change in luminal attenuation. While women have smaller coronary artery diameters, the contrast density difference tries to minimize variation in vessel sizes since it is normalized by the vessel area and also measured within one segment results finding of contrast density difference being more relevant than low density plaque burden in women might be in line with these previously reported gender-specific differences. Further studies are needed to confirm these findings.
The potential clinical applications of plaque characterization in guiding the revascularization therapy have been consistently suggested in the literature. The current limitation for its use in daily practice is the requirement of time-consuming manual methods. In this work, we show the results obtained by a relatively fast quantification tool, thus expanding its clinical potential. Further prospective, larger studies are required to confirm applicability and its impact in clinical decision.
Our study had some limitations. The enrolment of our study was retrospective and an overall referral bias could be present with patients undergoing the hybrid SPECT/CT imaging. We only considered patients with single vessel disease and did not evaluate patients with multi-vessel disease and consequently did not perform per-patient analysis; however, our aim was to evaluate the direct relationships between specific plaque features by CTA and regional ischemia by MPI. Single vessel CAD was chosen in this study to isolate the specific plaque characteristics and evaluate their effect with respect to the regional ischemia. This allowed us to avoid the effects of balanced ischemia and imprecise definition of vascular regions in MPI. Further studies analysing global plaque burden link with global ischemia by MPI in overall population could be performed. We acknowledge that the sub-analysis in women can potentially be under powered due to the number of women in this cohort (37%). Similarly, sub-analysis in the 30-69% and !70% stenosis groups can be underpowered and larger studies are needed to support these findings.
In conclusion, our study shows that selected quantitative plaque features from CCTA are associated with ischemia by MPI, independent of stenosis. LDNCP burden is the most relevant plaque feature associated with ischemia in vessels with stenosis 30-69%, while contrast density difference is the most relevant plaque feature associated with ischemia in vessels with stenosis ! 70%.
